Background: Bone marrow-derived mesenchymal stem cells (BM-MSCs) play an important role in cancer development and progression. However, the mechanism by which they enhance the chemoresistance of ovarian cancer is unknown. Methods: Conditioned media of BM-MSCs (BM-MSC-CM) were analyzed using a technique based on microRNA arrays. The most highly expressed microRNAs were selected for testing their effects on glycolysis and chemoresistance in SKOV3 and COC1 ovarian cancer cells. The targeted gene and related signaling pathway were investigated using in silico analysis and in vitro cancer cell models. Kaplan-Merier survival analysis was performed on a population of 59 patients enrolled to analyze the clinical significance of microRNA findings in the prognosis of ovarian cancer. Results: MiR-1180 was the most abundant microRNA detected in BM-MSC-CM, which simultaneously induces glycolysis and chemoresistance (against cisplatin) in ovarian cancer cells. The secreted frizzled-related protein 1 (SFRP1) gene was identified as a major target of miR-1180. The overexpression of miR-1180 led to the activation of Wnt signaling and its downstream components, namely Wnt5a, β-catenin, c-Myc, and CyclinD1, which are responsible for glycolysis-induced chemoresistance. The miR-1180 level was inversely correlated with SFRP1 mRNA expression in ovarian cancer tissue. The overexpressed miR-1180 was associated with a poor prognosis for the long-term (96-month) survival of ovarian cancer patients. Conclusions: BM-MSCs enhance the chemoresistance of ovarian cancer by releasing miR-1180. The released miR-1180 activates the Wnt signaling pathway in cancer cells by targeting SFRP1. The enhanced Wnt signaling upregulates the glycolytic level (i.e. Warburg effect), which reinforces the chemoresistance property of ovarian cancer cells.
Introduction
Mesenchymal stem cells (MSCs) are selfrenewal multipotent progenitors that inhabit the stromal compartment (Vallabhaneni et al., 2016; Ridge et al., 2017) . The stem cells isolated from bone marrow (BM) stroma that have the potential to differentiate into diverse mesenchymal tissues, such as adipose, cartilage, and muscle, are known as bone marrow-derived mesenchymal stem cells (BM-MSCs) (Huang et al., 2014; Tyciakova et al., 2015; Wang et al., 2015; Yang et al., 2015; Watts et al., 2016; Fu et al., 2017; Xiang et al., 2017) . Circulating BM-MSCs can support cancer development via intercellular communication molecules, such as cytokines and exosomedelivered microRNAs, which induce immune tolerance, epithelial-to-mesenchymal transition of cancer cells and angiogenesis in the local microenvironment (McLean et al., 2011; Castells et al., 2013; Touboul et al., 2013; Lis et al., 2014; Coffman et al., 2016) . In gynecological oncology, ovarian cancer is a frequently encountered malignancy with the highest mortality. Uncontrollable cancer growth and metastasis caused by chemoresistance is a major cause of death in ovarian cancer. The role of MSCs, including BM-MSCs, in the progression of ovarian cancer, has been investigated (Mader et al., 2009; Lis et al., 2011; Touboul et al., 2014) . Some intrinsic biochemical factors, such as glycolysis-induced lactic acidosis, were found to be involved in the chemoresistance mechanisms. However, as extrinsic biochemical factors, the effects of BM-MSCs and their derived microRNAs on the development of chemoresistance in ovarian cancer remain unclear.
The importance of glycolysis or the so-called "Warburg effect" on the occurrence of chemoresistance in cancer cells has been documented by Wu et al. (2012) . They demonstrated that glycolysis-induced lactic acidosis, but not glycolysis-related lactosis or acidosis, enhances the expression of Bcl-2 and phosphorylation of Akt, and suppresses the function of the mammalian target of rapamycin (mTOR), thereby enabling the cancer cells to survive under unfavorable and stringent growth conditions (Wu et al., 2012) . Since glycolysis-induced lactic acidosis is widely accepted as an intrinsic factor that can induce chemoresistance in a variety of malignancies (Ganapathy-Kanniappan and Geschwind, 2013; Suh et al., 2014; Icard et al., 2018; Yao K et al., 2018) , in this study, we hypothesized that BM-MSCs, particularly their derived microRNAs, could influence intracellular glycolysis and enhance the chemoresistance of ovarian cancer. Based on supportive data obtained from our in vitro cancer cell models, we investigated the exact microRNA molecule(s) released by BM-MSCs that induced the glycolysisrelated chemoresistance in ovarian cancer cells.
MiR-1180 was identified as a key communication molecule for BM-MSCs to control intracellular glycolysis, while a secreted frizzled-related protein 1 (SFRP1)/Wnt signaling pathway-based mechanism was found to be responsible for the observed effect of miR-1180 in the investigated cancer cells. Our results suggest that BM-MSC-derived miR-1180 could be a novel therapeutic target for reversing the chemoresistance of ovarian cancer.
Materials and methods

Study population
Surgical specimens and medical records were collected from 59 ovarian cancer patients enrolled at Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong University (Shanghai, China) from Mar. 1, 2008 to Jan. 1, 2009. Chemoresistant recurrence was defined as a recurrence event emerging within six months after a regular course of chemotherapy. All the patients were followed up from their initial surgical and/or chemical treatments until death. The duration of follow-up ranged from 5 to 96 months. Informed consent was obtained from each patient, and the study protocol was approved by the ethics committee of Ren Ji Hospital.
Cell cultures
The ovarian cancer cell lines SKOV3 and COC1 and the normal ovarian epithelial cell line IOSE80 were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in Dulbecco's modified Eagle's medium/ Ham's F-12 medium (DMEM/F12; Gibco, Life Technologies, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco), penicillin (Gibco), and streptomycin (Gibco) in a humidified incubator with 5% CO 2 at 37 °C. For IOSE80 cells, 100 ng/mL epidermal growth factor (EGF; Sigma-Aldrich, St. Louis, MO, USA) and 10 nmol/L insulin (Sigma) were supplemented.
Preparation of conditioned medium
The primary BM-MSCs were purchased from the Shanghai Bangjing Biotechnology Co. (Shanghai, China). The cells were collected from a Stage IIIc ovarian cancer patient with chemoresistant recurrence within six months after chemotherapy (informed consent was obtained). The BM-MSCs were cultured in DMEM/F12 (Gibco, glucose=1 g/L) supplemented with 10% FBS (microRNA-free, exosome-deleted, Gibco) for 24 h. Conditioned medium (CM) was collected and filtered with a 0.22-μm filter (Merck Millipore, MA, USA) to remove cell debris.
Cell proliferation assay
Cells were cultured in 96-well plates and the number of cells was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method. For MTT assays, phenol red-free medium-dissolved MTT (Sigma) was added to each well to a final concentration of 1 mg/mL. Following a 4-h incubation, the medium in each well was replaced with 100 μL of dimethyl sulfoxide. The plate was then covered with tinfoil and agitated on an orbital shaker for 15 min. Absorbance was recorded at 570 nm with a filter reference at 620 nm using a Varioskan Flash Multimode Plate Reader (Thermo Fisher Scientific, Waltham, MA, USA). The number of the measured cells was estimated based on the MTT optical density (OD)-cell number standard curve.
Clonogenic assay
The saline control or cisplatin-treated cells were seeded in 6-well plates. Their survival rates were determined by a modified clonogenic assay according to methods described previously (He et al., 2016) . The colonies (>50 cells) formed at a given cisplatin concentration (treated for 24 h) were allowed to grow for 10 d in normal media (DMEM/F12 supplemented with 10% FBS) and were then counted using a stereoscope.
ECAR measurement
Extracellular acidification rate (ECAR) measurements were performed using an XF24 or XF96 Extracellular Flux analyzer (Seahorse Bioscience, North Billerica, MA, USA) as described by Wu et al. (2007) . To determine the baseline ECAR, cells were initially cultured in a glucose/L-glutamine/pyruvate/ phenol red-free DMEM (Gibco) for 24 h in 5% CO 2 at 37 °C. The medium was then changed to normal DMEM/F12 or BM-MSC-CM, in which the glucose concentration was adjusted to 2 g/L, to measure actual ECARs. The ECAR value corresponding to the cells following the 2 mg/mL oligomycin (Sigma) blockade of mitochondrial energy metabolism represented a maximal glycolytic capacity. 2-Deoxy-D-glucose (2-DG) at a final concentration of 100 mmol/L was used for abolishing the observed intracellular glycolysis.
ATP assay
The adenosine triphosphate (ATP) concentration within the cultured cells was assessed using a colorimetric ATP Assay Kit (Abcam, Cambridge, UK). Whole-cell extracts of equal numbers of cancer cells from normal media and from BM-MSC-CM were applied for each comparative experiment.
MicroRNA array, anti-sense microRNA, and microRNA mimics
The miRCURY Exosome Kit (Qiagen, Venlo, The Netherlands) was used for isolating BM-MSCderived exosomes from the conditioned media. Exosome-delivered microRNA was isolated with the miRNeasy Micro Kit (Qiagen). The Affymetrix GeneChip miRNA 4.0 Array was used for profiling the microRNAs released by BM-MSCs. The antisense sequence and mimics of miR-1180 were purchased from Qiagen.
RT-qPCR
Intracellular mRNA was isolated using TRIzol reagent (Thermo Fisher Scientific) and then reversetranscribed using a Universal cDNA Synthesis Kit (Exiqon, Vedbaek, Denmark). The primers used for amplifying (precursor) microRNAs and SFRP1-encoding cDNA in reverse transcription-quantitative polymerase chain reaction (RT-qPCR) were all purchased from Qiagen. SYBR Green I dye (Thermo Fisher Scientific) served as a quantitative indicator in the qPCR reaction. An ABI PRISM 7900 Sequence Detection System (Applied Biosystems, Carlsbad, CA, USA) was used for PCR amplification. The U6 small nuclear RNAs (snRNA) and β-actin mRNA levels were set as the references for microRNA and mRNA quantification. The relative expression levels of pre-miR-1180/miR-1180 and SFRP1 were calculated using the 2 −ΔΔC T method. The T-N value was calculated as the miR-1180 level of cancer tissue minus the miR-1180 level of adjacent normal tissue. The baseline level of pre-miR-1180 was determined by an average level of this molecule expressed in the adjacent normal tissue of the enrolled patients.
Luciferase reporter assay
The wide-type (5'-UGCCCCGGGAACCCGGU GGGUCA-3') and mutant (5'-UGCCCCGGGAACC CGGUUUUUCA-3') 3' untranslated region (UTR) sequences of the SFRP1 gene were synthesized (Sangon, Shanghai, China) and inserted into the multiple cloning site of a luciferase reporter plasmid pMIR-REPORT (Thermo Fisher Scientific). Luciferase activity was measured using a Pierce Firefly Luciferase Glow Assay Kit (Thermo Fisher Scientific) according to the manufacturer's instructions. Luciferase activity of the control microRNA-treated cells was set as 1.
Western blotting
Cells were harvested and lysed with radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitors (Thermo Fisher Scientific) on ice for 30 min. Proteins were separated by 10% (0.1 g/mL) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; Thermo Fisher Scientific). The proteins were transferred onto nitrocellulose membranes and probed with primary antibodies and then horseradish peroxidase-labeled secondary antibodies (Thermo Fisher Scientific). The protein band signals were visualized using an enhanced chemiluminescence (ECL; Thermo Fisher Scientific). The primary antibodies were rabbit anti-human LDHA monoclonal antibody (1:1000, clone EPR1564, Abcam), mouse anti-human HK2 monoclonal antibody (1:500, clone 3D3, Abcam), mouse anti-human PDK1 monoclonal antibody (1:500, clone 4A11, Abcam), rabbit anti-human PKM2 polyclonal antibody (1:500, product No. ab137852, Abcam), rabbit anti-human SFRP1 monoclonal antibody (1:1000, clone EPR7003, Abcam), rabbit anti-human Wnt5a monoclonal antibody (1:1000, clone EPR12698, Abcam), rabbit anti-human β-catenin monoclonal antibody (1:1000, clone E247, Abcam), rabbit anti-human c-Myc monoclonal antibody (1:1000, clone Y69, Abcam), and rabbit anti-human CyclinD1 monoclonal antibody (1:1000, clone EP272Y, Abcam). The secondary antibodies, IRDye 680RD goat anti-mouse IgG (1:10000, LI-COR, Lincoln, NE, USA) and IRDye 800CW goat anti-rabbit IgG (1:10000, LI-COR), were used as appropriate. The western blotting bands were visualized using a C-DiGit Blot Scanner (LI-COR).
Fluorescence-activated cell sorting
Cells were suspended in an FcR blocking reagent (Miltenyi Biotec, Bergisch Gladbach, Germany) containing 5% phosphate-buffered saline (PBS), 1% FBS, and 10% bovine serum albumin (BSA). Singlecell suspensions were analyzed and sorted on a MoFlo XDP cell sorter (Beckman Coulter, Brea, CA, USA). PE-conjugated mouse anti-human CD271 monoclonal antibody (1:25; clone NGFR5, Abcam) was used for labeling BM-MSCs, and Alexa Fluor 488-conjugated mouse anti-human EpCAM monoclonal antibody (1:50; clone VU1D9, Cell Signaling, Carlsbad, CA, USA) for labeling ovarian cancer cells. Note that CD271, also called p75 neurotrophin receptor, is widely recognized as a marker of MSCs (Quirici et al., 2002; Das et al., 2013; Rasini et al., 2013; Watson et al., 2013) , especially BM-MSCs (Jones et al., 2008; Noort et al., 2012) .
Immunohistochemistry
Immunohistochemistry (IHC) was performed to verify the flow-cytometry/fluorescence-activated cell sorting (FACS) results of CD271-positive or EpCAMpositive cells in the specimens. As described previously (Zhang et al., 2014) , the cancer specimens were sliced into 4-μm sections, dewaxed using xylene, and rehydrated with graduated ethanol. Antigen retrieval was performed using a microwave at >90 °C for 15 min, and the samples were allowed to cool to room temperature. The non-specific binding sites were blocked with 5% BSA for 1 h. The antibody-binding sites were visualized using 3,3'-diaminobenzidine tetrahydrochloride (DAB; Zhongshan, Beijing, China), and the cell nuclei were counterstained with hematoxylin.
Statistical analysis
Two-sided Student's t-tests were used for numerical data and χ 2 -test/Fisher's exact tests for nominal data. Kaplan-Meier analysis was used to compare 96-month overall survival between the patients with higher (>median) and lower (≤median) expression of miR-1180. A Cox regression model was used for multivariate analysis on the prognostic factors for long-term outcomes and chemoresistance of the patients. Pearson's product-moment correlation coefficient analysis was used for evaluating the relationship between intra-tumoral miR-1180 and SFRP1 expression levels. All statistical analyses were carried out using SPSS 18.0 software (SPSS, Chicago, IL, USA). Unless otherwise indicated, all experiments were performed in triplicate. P values of <0.05 were considered statistically significant.
Results
Effect of BM-MSC-CM on the chemoresistant property of in vitro cultured ovarian cancer cells
To investigate the role of BM-MSCs, particularly the BM-MSC-CM, in the chemoresistant behavior of ovarian cancer cells, SKOV3 and COC1 cells were cultured in the BM-MSC-CM for 24 h. Their proliferative curves were measured by the MTT method during the following five days. The obtained data indicated that the addition of BM-MSC-CM accelerated the proliferation of SKOV3 and COC1 cells (Fig. 1a) . When cisplatin was administered into the cell cultures at a final concentration of 0.5 mg/L for 24 h and then substituted with normal media, the cells pretreated with the BM-MSC-CM exhibited a significantly higher proliferative rate than control cells (Fig. 1a) . The anti-cisplatin effects of BM-MSC-CM on SKOV3 and COC1 cells were revealed by clonogenic assays. The addition of BM-MSC-CM significantly promoted colony formation by cancer cells under a non-cisplatin culture condition as well as under a cisplatin-containing condition (Fig. 1b) .
Effect of BM-MSC-CM on glycolysis in cultured ovarian cancer cells
To evaluate the effect of BM-MSC-CM on the glycolytic status of ovarian cancer cells, we measured the ECARs in SKOV3 and COC1 cells treated with or without BM-MSC-CM. Remarkable increases were observed in the ECARs of BM-MSC-CM-treated SKOV3 and COC1 cells (Fig. 2a) . Furthermore, the treatment with 0.5 mg/mL oligomycin, an inducer of glycolysis and an inhibitor of mitochondrial oxidative phosphorylation, revealed that BM-MSC-CM-treated cells had a significantly increased glycolytic capacity compared to their normal medium-treated counterparts (Fig. 2a) . ATP production in both SKOV3 and COC1 cells increased after BM-MSC-CM treatment (Fig. 2b) . Correspondingly, expression levels of the key glycolytic enzymes LDHA, HK2, PDK1, and PKM2 were all upregulated when BM-MSC-CM was applied (Fig. 2b) . These data suggest that BM-MSCs can influence the intracellular glycolysis of cancer cells via a remote communication approach (i.e. endocrine or paracrine). Next, to verify the chemoresistancepromoting effect of glycolysis, we treated the SKOV3 and COC1 cells with oligomycin and recorded their proliferative and colony formation behaviors in a cisplatin-containing condition. The ECARs of both cell lines were significantly increased upon the addition of oligomycin (Fig. 2a) and their proliferation rates and colony formation abilities were significantly higher than those of the controls treated with cisplatin at 0.5 mg/L for 24 h and then in normal media (Fig. 2c) . These results suggest that glycolysis is a necessary mediator of BM-MSC-CM-induced chemoresistance.
Up-regulation of miR-1180 level in the BM-MSC-CM
To explore the possible microRNA-based mechanism of BM-MSCs in remote regulation of glycolysis of ovarian cancer cells, we profiled the exosome-associated microRNAs in BM-MSC-CM via an exosome-harvesting-based miRNA array analysis (see Section 2). The results are shown in Fig. 3a . Three microRNAs, namely miR-1180, miR-628-5p, and miR-432-5p, were most highly expressed in BM-MSC-CM, while another microRNA, miR-2114, was found to be at the lowest level compared with the control CM derived from the IOSE80 cell line. These four microRNAs were subjected to RT-qPCR analysis. The quantification results verified that miR-1180 ((8.2±0.5) folds), miR-628-5p ((6.2±0.7) folds), and miR-432-5p ((5.3±0.3) folds) were significantly upregulated in BM-MSC-CM while miR-2114 ((0.46± 0.06) folds) was significantly downregulated (Figs. 3b-3e ). Further parallel RT-qPCR analyses in SKOV3 and COC1 cells revealed that miR-1180 expression was much lowered in SKOV3 cells and almost absent in COC1 cells compared with the BM-MSCs (Fig. 3b) . MiR-628-5p, miR-432-5p, and miR-2114 molecules were found to be moderately expressed in at least one of the cancer cell lines tested (Figs. 3c-3e) . Therefore, only the most abundantly expressed microRNA, miR-1180, can be a possible signaling molecule that induces glycolysis enhancement in both cancer cell lines. Thus, molecule miR-1180 was selected for further investigation of its exact function.
Effect of miR-1180 knockdown on the regulation of BM-MSC-CM on glycolysis in ovarian cancer cells
The role of BM-MSC-derived miR-1180 in the regulation of cancer cell glycolysis was investigated using an antisense microRNA-based technique. The synthesized anti-miR-1180 effectively decreased the secretory level of miR-1180 in the BM-MSC-CM (Fig. 4a) . The proliferative curves of BM-MSC-CMtreated SKOV3 and COC1 cells were downregulated in a cisplatin-containing (0.5 mg/L) condition after miR-1180 knockdown (Fig. 4b) . Correspondingly, their colony formation abilities were reduced by these treatments (Fig. 4c) . To evaluate the influence of miR-1180 knockdown on ovarian cancer cell glycolysis, the ECARs of cancer cells treated with either miR-1180-deprived BM-MSC-CM or normal BM-MSC-CM were compared. The anti-miR-1180 (Fig. 4d) . Likewise, ATP production was significantly suppressed in SKOV3 and COC1 cells in miR-1180-deprived BM-MSC-CM compared with those in normal BM-MSC-CM (Fig. 4e) .
Effect of BM-MSC-derived miR-1180 on the expression of SFRP1 and the Wnt signaling pathway
We used the microRNA target gene prediction software Targetscan to search for a potential intracellular signaling element between miR-1180 and its cytological effect on glycolysis. Since the Wnt signaling pathway has been confirmed by previous studies to be involved in the glycolysis-regulatory mechanism (Pate et al., 2014) , SFRP1, a negative regulator of the Wnt signaling pathway (Arend et al., 2013) , was identified as a most likely target gene for miR-1180. Therefore, we built luciferase reporter plasmids that harbor the wild-type (WT) or mutant (Mut) 3' UTR sequences of SFRP1 to verify the direct binding of miR-1180 to the SFRP1 mRNA (Fig. 5a) . The luciferase activity of SFRP1 WT-3' UTR-encoding plasmids in the SKOV3 and COC1 cells (Fig. 5b ) was reduced to 51% (SKOV3) and 43% (COC1) of those observed in corresponding control-microRNAtreated cells after the addition of miR-1180 mimics. However, no inhibitory effect was found on the luciferase activity of SFRP1 Mut-3' UTR-encoding plasmid in these cells (Fig. 5b) . Both the mRNA and protein levels of SFRP1 were downregulated in SKOV3 and COC1 cells after the addition of miR-1180 mimics (Figs. 5c and 5d) . The same expression regulatory patterns in SFRP1 were observed when BM-MSC-CM was added, demonstrating that miR-1180 is a major mediator of BM-MSC-CM in controlling the expression of SFRP1 (Fig. 5c) . Furthermore, the expression levels of the corresponding Wnt signaling effector proteins Wnt5a, β-catenin, c-Myc, and CyclinD1 were significantly upregulated after transfection of miR-1180 mimics or treatment with BM-MSC-CM (Fig. 5c ). The proliferation rates, colony formation abilities, and ECARs of both cell lines were elevated following a 24-h miR-1180 treatment under either a normal or a cisplatin-containing culture condition (Figs. 5e-5g) , while the forced expression of SFRP1 (achieved by transfection of an SFRP1 cDNA-encoding plasmid), even in the presence of miR-1180, resulted in decreased activity of the Wnt signaling pathway (Fig. 5c ), implying its potential as a tool to reverse the chemoresistance of ovarian cancer.
Correlations of elevated expression of miR-1180 with poor prognosis and SFRP1 expression in ovarian cancer tissue
The clinical implications of miR-1180 overexpression were explored in the 59 enrolled ovarian cancer patients (Fig. 6a and Table 1 ). The miR-1180 levels in the tumor mass and adjacent normal tissue were compared for each patient (presented as T-N values). In most (42/59) cases, the detected miR-1180 levels (normalized by U6 snRNA) were higher in the tumor mass than in normal tissue (Fig. 6a) . The average expression level of intra-tumoral miR-1180 was 4.1 times higher than that of normal tissues, and the difference was statistically significant (Fig. 6b) . The median T-N value was 5.1 among the enrolled patients. To confirm that the detected miR-1180 molecules were derived mainly from the infiltrating BM-MSCs and not from the cancer cells, we isolated BM-MSCs from cancer tissue with a CD271-based FACS technique. A parallel CD271 IHC-staining procedure was performed to verify the existence of BM-MSCs within cancer tissue. Meanwhile, cancer cells were isolated by EpCAM-based FACS. CD271 + BM-MSCs were observed in 86% (51/59) of the specimens examined, suggesting that migration of BM-MSCs into cancer tissue is a frequent event in the patient body. Of these cases, the average miR-1180 level per cell in intra-tumoral BM-MSCs was significantly higher (by 3.2 times) than that of cancer cells (Fig. 6c) . Moreover, BM-MSCs that expressed an increased level (i.e. higher than baseline level of normal tissue) of precursor molecule of miR-1180 (defined as "pre-miR-1180-expressing BM-MSCs") were detected in 76% (39/51) of intra-tumoral BM-MSC-positive cases. The average level of pre-miR-1180 per cell measured in these BM-MSCs was 48.4 times higher than that of FACS-sorted cancer cells from the same specimens, suggesting that BM-MSCs were a major source of miR-1180 in these cases (Fig. 6e ). This type of pre-miR-1180-expressing BM-MSC was found in 97% (28/29) of cases in the high-miR-1180 group (T-N value>median) but in only 37% (11/30) of cases in the low-miR-1180 group (T-N value≤median). The difference was statistically significant (Fig. 6f) . Kaplan-Meier analysis revealed that the longterm (96 months) overall survival of ovarian cancer patients was significantly shorter in the high-miR-1180 group than in the low-miR-1180 group (Fig. 6g) . In multivariate analysis, the overexpression of miR-1180 (T-N value>median) was further demonstrated to be an independent determinant of a poor outcome for the enrolled patients (Table 1) . Moreover, of the 59 enrolled patients, 37 experienced chemoresistant recurrence during their follow-up periods. Of those, 73% (27/37) had a higher level of miR-1180 within their cancer tissue. This percentage was significantly higher than that detected in those without chemoresistant recurrence (9%; 2/22) ( Table 2) . Furthermore, the qPCR data indicated that the average miR-1180 level was significantly higher in patients with chemoresistant recurrence (Fig. 6h) . The incidence rate of chemoresistant recurrence was 93% (27/29) in the high-miR-1180 group and 33% (10/30) in the low-miR-1180 group. This difference was statistically significant (Fig. 6i) . Multivariate analysis revealed that overexpression of miR-1180 (T-N value>median) was also an independent prognostic factor for chemoresistant recurrence (Table 2) . Additionally, as intra-tumoral miR-1180 and SFRP1 mRNA levels were simultaneously measured for each specimen, the expression levels of these two molecules were found to be inversely correlated (Pearson's correlation coefficient r=0.804, P<0.05), revealing a negative regulatory effect of miR-1180 on the expression level of SFRP1 (Fig. 6j) .
Discussion
The present study demonstrated the role of BM-MSC-derived microRNAs, especially miR-1180, in the occurrence of chemoresistance (mainly against cisplatin) in ovarian cancer. The in vitro data revealed that miR-1180-containing BM-MSC-CM can simultaneously strengthen glycolysis and chemoresistance in treated cancer cells (Figs. 4 and 5) . Considering that glycolysis is an established intrinsic chemoresistancepromoting factor, we can interpret the observed chemoresistance enhancement as a consequence of miR-1180-induced glycolysis in the cancer cells (Figs. 1-5 ). The molecular mechanism by which miR-1180 induces glycolysis was also explored in our experiments (Figs. 5 and 6 ). The critical roles of the Wnt signaling pathway and its negative regulator, SFRP1, in mediating miR-1180-induced glycolysis were elucidated (Fig. 5) ; meanwhile, qPCR analysis of clinical specimens confirmed that SFRP1 is a major target of miR-1180 (Fig. 6 ). Most importantly, our population-based study revealed the clinical significance of miR-1180 as a prognostic factor for poor outcomes and as a predictor of chemoresistant recurrence in ovarian cancer patients (Fig. 6) .
Multiple mechanisms by which BM-MSCs maintain cancer chemoresistance have been revealed by earlier studies. Cai et al. (2016) reported that BM-MSCs could induce glycolysis and chemoresistance in T-cell acute lymphoblastic leukemia via two strategies, i.e. soluble factor-mediated and cell adhesion-mediated pathways. Both BM-MSC-CM and direct contact with BM-MSCs can cause the dysfunction of mitochondria, and thereafter, reduce the production of ATP and reactive oxygen species (ROS). Consequently, an increased cytoplasmic lactate concentration and chemoresistance against cytosine arabinoside and methotrexate were achieved. However, Cai et al. (2016) did not explore the exact extracellular molecule responsible for transmitting glycolysis-regulatory signals from BM-MSCs to leukemia cells. Benabbou et al. (2014) reported that BM-MSCs can regulate the expression of ATP-binding cassette genes, e.g. multidrug resistance 1 (MDR1), multidrug resistance protein (MRP) 1/2/3, and breast cancer resistance protein (BCRP), in cancer cells by releasing insulin-like growth factor 1 (IGF1). Munoz et al. (2015) reported that miR-9 enhances the activity of the Sonic Hedgehog (SHH) pathway and chemoresistance of glioblastoma multiforme. They further ## The hazard ratio of the reference group was set as 1; Cox regression model was used for multivariate analysis. 95% CI: 95% confidence interval suggested that BM-MSCs can be used to deliver anti-miR-9 into the brain and transfer this molecule to tumor cells through an exosome-based approach. Likewise, our current study showed that BM-MSCs apply a microRNA-mediated remote communication mechanism, possibly involving exosome-based transportation, and induce glycolysis and chemoresistance in ovarian cancer cells.
The Wnt signaling pathway has been found to be involved in a series of intrinsic mechanisms to induce the chemoresistance of ovarian cancer. The key downstream proteins (genes) activated by Wnt/β-catenin signaling include c-Myc, CyclinD1 (CCND1), Survivin (BIRC5), and Axin2 (i.e. "stemness/proliferation" related genes), which strengthen the potential of cancer cells for proliferation, survival, and metastasis under chemotherapeutic pressure (Barbolina et al., 2011) . Wnt/β-catenin signaling also plays an important role in the transcriptional control of multidrug resistance genes such as MDR-1 (Takahashi-Yanaga and Kahn, 2010). Moreover, activation of the Wnt signaling pathway can result in the upregulation of a group of epithelial to mesenchymal transition (EMT)-related genes, e.g. MMP9, PTGS2 (COX2), PLAUR (uPAR), Vimentin (VIM), and SNAIL (SNAI1), at the mRNA level . EMT itself is a promotive cytological factor for chemoresistance (Latifi et al., 2011; Abubaker et al., 2013) . Pate et al. (2014) indicated that Wnt signaling can initiate a critical change in tumorigenesis, namely Warburg metabolism or aerobic glycolysis (Warburg, 1956) , through the activation of transcription of a downstream effector, pyruvate dehydrogenase kinase 1 (PDK1). Herein, our experiments demonstrated that Wnt signaling-induced glycolysis is a critical factor contributing to the chemoresistant recurrence of ovarian cancer, which has not been identified before (Figs. 4 and 5) . Also, supplementation of SFRP1 was found to be an effective measure to quench the glycolysis induced by the activated Wnt pathway in an miR-1180-containing microenvironment (Fig. 5) .
MiR-1180 was recognized as an onco-miR in solid cancers including hepatocellular carcinoma, pancreatic cancer, and lung cancer (Tan et al., 2016; Zhou et al., 2016; Chen et al., 2017; Gu et al., 2017) . With respect to the detailed roles of miR-1180, Zhou et al. (2016) indicated that miR-1180 can downregulate the TNFAIP3 interacting protein 2 (TNIP2), an essential negative regulator of the nuclear factor-κB (NF-κB) pathway, and enhance the proliferation of hepatic cancer cells. Similarly, Gu et al. (2017) reported that miR-1180 can stimulate the proliferation and metastasis of pancreatic cancer cells through an NF-κB-signaling-related mechanism. Chen et al. (2017) reported that miR-1180 can simultaneously enhance two signaling pathways, i.e. Wnt/β-catenin and PI3K/Akt, to upregulate proliferation, migration, and invasion activities in lung cancer cells. Tan et al. (2016) asserted that miR-1180 can promote chemoresistance by targeting two key inhibitors in the NF-κB pathway in hepatocellular carcinoma, i.e. OTU deubiquitinase 7B (OTUD7B) and TNIP2. All these authors reported that an increase in miR-1180 was a prognostic factor for poor outcomes for patients. However, other studies found evidence to the contrary. For example, Zhu et al. (2018) showed that miR-1180 expression was reduced in prostate cancer tissues and overexpression of miR-1180 could inhibit proliferation, migration, and invasion, and promote the apoptosis of the prostate cancer cell line DU145 by targeting TNF receptor associated factor 1 (TRAF1) and BCL2-associated athanogene 2 (BAG2). Similarly, Wang et al. (2014) and Ge et al. (2017) observed that miR-1180 can induce the expression of p21 and inhibit the cell cycle-related proteins CDK4, CDK6, CyclinD1, and CyclinA2, and suppress the growth of bladder cancer cells in vitro and in vivo. Clearly, our data, obtained from ovarian cancer, support miR-1180 as a pro-tumoral factor for the chemoresistance and recurrence of cancer.
In conclusion, our experiments confirmed that BM-MSC-derived miR-1180 is associated with increased glycolysis and chemoresistance in ovarian cancer. The suppression of miR-1180 expression with an antisense microRNA can induce chemosensitivity to genotoxic agents, such as cisplatin. Therefore, miR-1180 may be a potential therapeutic target for reversing "Warburg effect"-induced chemoresistance and improving the long-term survival of patients (Ganapathy-Kanniappan and Geschwind, 2013; Suh et al., 2014; Icard et al., 2018; Yao ZY et al., 2018) .
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